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We have performed angle-resolved photoemission spectroscopy (ARPES) on CeBi which undergoes
a two-step antiferromagnetic (AF) transition with temperature. Soft-x-ray ARPES has revealed the
inverted band structure at the X point of bulk Brillouin zone for CeBi (and also for LaBi) as opposed
to LaSb with non-inverted band structure. Low-energy ARPES on CeBi has revealed the Dirac-cone
band at the Γ¯ point in the paramagnetic phase associated with the bulk band inversion. On the
other hand, a double Dirac-cone band appears on entering the first AF phase at T = 25 K, whereas
a single Dirac-cone band recovers below the second AF transition at T = 14 K. The present result
suggests an intricate interplay between antiferromagnetism and topological surface states in CeBi.
PACS numbers: 71.20.-b, 73.20.At, 79.60.-i
I. INTRODUCTION
One of intriguing challenges in heavy-fermion physics
is to understand the relationship between magnetism and
electronic structure associated with the interplay of con-
duction and f electrons. Cerium monopnictides CeXp
(Xp = P, As, Sb, and Bi) are a typical example of heavy-
fermion systems showing an exotic and complicated mag-
netic phase diagram as a function of temperature, pres-
sure, and magnetic field, known as a “devil’s staircase”
[1–4]. CeXp is a Kondo semimetal with the rock-salt
structure having two hole pockets at the Γ point in the
bulk fcc Brillouin zone (BZ) arising from the Xp p or-
bital, together with an electron pocket at the X point
originating from the Ce 5d orbital [see Fig. 1(a)] [5].
Ce 4f electrons are nearly localized in the crystal lat-
tice (Ce3+) and thereby the overall electronic structure
of CeXp is essentially the same as that of LaXp with no
4f electrons [5, 6].
Unlike the case of RKKY(Ruderman-Kittel-Kasuya-
Yosida)-type magnetic order in rare-earth metals, the
complex magnetic properties of CeXp, in particular
CeSb, is explained in terms of the p-f mixing [7] which
is based on the strong hybridization between the Xp p
state and the crystal-field-split level of the Ce 4f state
[8], as supported by the observation of an energy shift of
the p band in angle-resolved photoemission spectroscopy
(ARPES) of CeSb [9–12] and the change in the Fermi sur-
face in the de Haas-van Alphen experiment [13] across the
magnetic transition. As a result of strong hybridization,
the Ce 4f state shows ferromagnetic coupling within the
layer and leads to the complicated magnetic structure
stabilized by a subtle balance between the entropy and
the interlayer exchange coupling [14–16]. Such p-f mixing
and the electron correlation are thought to be responsi-
ble for the observed anomalous behavior in the electrical
transport and lattice parameters [4, 17–19] as well as the
rich magnetic properties, making the physics of CeXp
particularly fertile.
Recently, Zeng et al. predicted from the first-principles
band-structure calculations [20] that LaXp becomes a
topological insulator due to the band inversion at the
X point of bulk BZ. This report has renewed the inter-
est for RXp (R = La and Ce) systems in topological as-
pects and triggered intensive theoretical and experimen-
tal investigations [12, 21–48], resulting in the discovery
of extremely large magnetoresistance and unusual resis-
tivity plateau in LaSb and LaBi [23–30], as well as the
observation of Dirac-cone-like energy band in some RXp
compounds [38–48]. While RSb was turned out to be
topologically trivial [37, 41, 43, and 46], ARPES studies
of LaBi [37, 39, 40, 42, and 44] have commonly revealed
the Dirac-cone-like energy band of topological origin at
the Γ¯ and M¯ point of the surface BZ, associated with the
band inversion at the X point [note that the M¯ point is
equivalent to the projected bulk X point; see Fig. 1(a)].
Taking into account such magnetic and topological as-
pects of RXp family, one would naturally expect that
CeBi is a unique candidate to study the interplay between
magnetism and topological properties, since it shows in-
teresting magnetic phases characterized by a two-step an-
tiferromagnetic (AF) transition at T = 25 and 14 K un-
der zero-magnetic field [3, 4], in addition to the expected
topological nature. In a broader perspective, it is of great
importance to experimentally clarify the role of antifer-
romagnetism to the topological properties, which is cur-
rently a target of intensive debates in theories [49–61]
while no concrete experimental data have been hitherto
2reported.
In this article, we report the soft-x-ray (SX) and
vacuum-ultraviolet (VUV) ARPES study of CeBi. We
found that the paramagnetic phase of CeBi is character-
ized by a single Dirac-cone energy band at the Γ¯ point
originating from the band inversion at the X point in bulk
BZ, whereas the energy dispersion of the Dirac-cone band
is strongly reconstructed in the AF phase; surprisingly it
also depends on the types of magnetic structures. We
discuss the implications of our observation in relation to
the magnetic band folding and the symmetry of the AF
phase.
II. EXPERIMENTAL
CeBi single crystal and its reference materials LaBi
and LaSb were grown by the Bridgman method with
a tungsten heater furnace. High-purity starting mate-
rials of La/Ce (4N) and Sb/Bi (6N) with the ratio of
1:1.005 were sealed in a tungsten crucible using an elec-
tron beam welder. The crucible was heated above their
melting points and then slowly pulled down from the
heater. The obtained crystals were characterized by the
x-ray diffraction measurements. SX-ARPES measure-
ments were performed with a Scienta-Omicron SES2002
electron analyzer with energy-tunable synchrotron light
at BL2 in Photon Factory (PF), KEK. We used linearly
polarized light (horizontal polarization) of 400-630 eV.
VUV-ARPES measurements were performed with a MBS
A1 electron analyzer with the Xe discharge lamp at To-
hoku University. We used the Xe-I line (8.437 eV). The
energy resolutions for SX- and VUV-ARPES measure-
ments were set to be 150 and 5 meV, respectively. Sam-
ples were cleaved in situ in an ultrahigh vacuum of ∼
1×10−10 Torr along the (100) crystal plane. The Fermi
level (EF) of samples was referenced to that of a gold film
evaporated onto the sample holder.
III. RESULTS AND DISCUSSION
First, we present the overall energy band structure of
the bulk valence band. To discuss the electronic states
of CeBi in terms of the topology, it is essential to clarify
(i) the role of spin-orbit coupling (SOC) and (ii) the in-
fluence of Ce 4f electrons to the energy bands. Since
the bulk-band inversion at the X point is thought to
be directly linked to the topological nature of this sys-
tem [20, 37, 39–44, 46, and 48], we experimentally de-
termined the bulk-band structure passing through the X
point (along the ΓX cut) of bulk 3D BZ [see Fig. 1(a)]
with SX photons (hν ∼ 500 eV), and compa the results
between LaSb and LaBi to address the issue (i) since the
replacement of Sb with Bi leads to a stronger SOC due to
the heavier atomic mass of Bi. In addition, we compared
LaBi (f0 system) and CeBi (f1 system) to address the
issue (ii). The result for LaSb shown in Fig. 1(b) signi-
FIG. 1. (color online). (a) Bulk and surface BZs of RXp
together with the k cut (red solid line) where the ARPES data
for (a)-(c) were obtained. (b) Second-derivative-intensity plot
of EDC for LaSb at T = 30 K measured along the ΓX cut in
bulk BZ with SX photons. (c), (d) Same as (b) but for LaBi
and CeBi, respectively. We estimated the photon energy that
traces the ΓX cut to be hν = 510, 500, and 505 eV, for LaSb,
LaBi, and CeBi, respectively, by the normal-emission ARPES
measurements. Red dashed curves in (a)-(c) are guides for the
eyes to trace the band dispersion. White arrows in (c) and
(d) highlight the intersection of Bi 6p and La/Ce 5d bands.
Non-dispersive feature at EB ∼ 2.9 eV in (d) is ascribed to
the Ce 4f0 final state [62, 63].
fies an electronlike La 5d band crossing EF around the X
point and several holelike Sb 5p bands at the Γ point. It
is noted that these bands are well separated from each
other around the X point due to the absence of band in-
version [43]. On the other hand, in LaBi [Fig. 1(c)], the
La 5d and Bi 6p bands cross each other midway between
the X and Γ points (marked by white arrows), in sup-
port of the inverted band structure. We found that such
a band inversion is also resolved in CeBi consistent with
the previous study [46], although there exist some quan-
titative differences between CeBi and LaBi, e.g., the Bi
6p band around EF is flatter in CeBi than in LaBi, lead-
ing to the movement of the band-crossing point toward
the Γ point in CeBi.
To clarify a possible link between the bulk-band in-
version and the appearance of topological surface states
(SS), we have performed high-resolution ARPES mea-
surements with VUV photons (the Xe-I line; hν = 8.437
eV) around the Γ¯ point where a distinct Dirac-cone-like
energy band was resolved in previous ARPES studies on
LaBi and CeBi [38, 40, 42, 44, 46–48]. As seen from
the ARPES-intensity plot of LaSb [Fig. 2(a)], no bands
are observed inside the inner Sb 5p band crossing EF.
In a sharp contrast, in LaBi, there exists an X-shaped
Dirac-cone-like band besides the holelike Bi 6p band [Fig.
2(b)]. This is better visualized in the second-derivative-
intensity plot of momentum distribution curves (MDCs)
3FIG. 2. (color online).(a), (b) ARPES intensity of LaSb and
LaBi, respectively, measured around the Γ¯ point at T = 30 K
with the Xe-I line (hν = 8.437 eV). (c), (d) Second-derivative-
intensity plot of MDCs for LaBi and CeBi, respectively.
shown in Fig. 2(c). Such a crucial difference between
LaSb and LaBi strongly suggests that the band inversion
and the resultant change in the bulk-band topology are
indeed related to the appearance of the Dirac-cone SS.
This is also collaborated with the observation of a simi-
lar Dirac-cone SS in the paramagnetic phase (T = 30 K)
in CeBi, as displayed in Fig. 2(d) (note that the spec-
tral feature of CeBi is broader due to the poorer surface
quality).
Now we proceed to our most important finding, a
striking temperature dependence of the topological SS
in CeBi. We systematically performed a temperature-
dependent ARPES measurement across the two-step AF
transition at TAFI (= 25 K) and TAFII (= 14 K) [see Fig.
3(c) for the corresponding magnetic structure [3, 4]]. As
shown in Fig. 3(a), the energy distribution curve (EDC)
at the Γ¯ point in the paramagnetic phase (T = 30 K)
consists of a single peak around the Dirac-point energy
at ∼0.2 eV [see Fig. 2(d)]. On lowering temperature,
two peaks suddenly appear at EB ∼ 0.14 and ∼ 0.27 eV,
respectively, at around T = 24 K (∼TAFI), but they are
transformed again into a single peak below T = 13 K
(∼TAFI) at ∼0.2 eV with an additional faint feature at
∼0.1 eV. Such behavior is better visualized in the second-
derivative-intensity plot of EDC in Fig. 3(b), where one
can recognize that the transition of spectral feature is
abrupt and apparently linked to the AF transition.
To gain further insight into the spectral change related
to the AF transition, we show in Figs. 4(a)-4(c) the
ARPES-derived band dispersions at representative tem-
peratures in the paramagnetic (30 K), AF-I (19 K), and
AF-II (6 K) phases, respectively, obtained by taking the
second derivative of MDCs. While one can recognize a
single Dirac-cone band at T = 30 K in the paramagnetic
phase [Fig. 4(a)], there exit two Dirac-cone-like bands at
FIG. 3. (color online). (a) Temperature dependence of EDC
at the Γ¯ point for CeBi measured with the Xe-I photons (hν=
8.437 eV) across the two-step magnetic transition at 25 and
14 K. EDCs at around TAFI and TAFII are highlighted by
red color. (b) Second-derivative-intensity plot of EDC at
the Γ¯ point as a function of temperature. Note that the
temperature-independent flat feature near EF is due to the
Fermi-edge cut-off. (c) Schematic view of magnetic structure
in the (top) AF-I and (bottom) AF-II phases (the case for
type-F domain).
T = 19 K in the AF-I phase [Fig. 4(b)] which are energet-
ically separated from each other by ∼0.13 eV; this value
corresponds to the energy separation between the two
peaks in the EDC in Fig. 3(a) (note that the band dis-
persion of the lower Dirac-cone branch above the Dirac
point is not so clearly visible). Surprisingly, at T = 6
K in the AF-II phase [Fig. 4(c)], the two Dirac-cone
bands again disappear and a single Dirac-cone band re-
covers. In contrast, the holelike Bi-6p bulk band shows no
discernible band reconstruction even across TAFII (note
that this band is gradually pushed up on lowering tem-
perature likely due to p-f mixing as reported in CeSb
[9–12]; see Appendix A for detailed temperature depen-
dence of the bulk bands). To the best of our knowledge,
the present result is the first experimental observation of
the antiferromagnetism-induced drastic reconstruction of
the Dirac-cone SS.
Now we discuss the origin of observed intriguing change
in the Dirac-cone band dispersion. The appearance of a
single Dirac-cone band at the Γ¯ point in the paramagnetic
phase is reasonable since a single bulk X point is pro-
jected onto the surface Γ¯ point as shown by a schematic
band diagram in the kx-kz plane in Fig. 4(d). In this
case, the band inversion takes place just once, resulting
in a single Dirac-cone band at the Γ¯ point. In the AF-I
phase, the magnetic moment of Ce 4f electron aligns fer-
romagnetically in a single Ce layer as shown by red or
blue shade in Fig. 4(h), but aligns antiferromagnetically
between adjacent layers (compare blue and red shades).
Under zero magnetic field, there exist three types of mag-
netic domains, two type-A domains with a ferromagnetic
layer perpendicular to the surface [one of two such cases
is shown in Fig. 4(h)], and a type-F domain with a ferro-
magnetic layer oriented parallel to the surface [Fig. 4(i)].
4FIG. 4. (color online). (a)-(c) Plot of second-derivative in-
tensity of MDCs around the Γ¯ point for CeBi measured at T
= 30 K (paramagnetic phase), 19 K (AF-I phase), and 6 K
(AF-II phase). (d)-(f) Schematic view of band folding for the
Dirac-cone SS in the kx-kz plane. (g)-(i) Crystal and mag-
netic structures for paramagnetic, AF-I type-A domain, and
AF-I type-F domain, respectively [3, 4]. Red and blue shades
highlight the ferromagnetic Ce layer.
Such AF domains give rise to a superstructure potential
of 2×1×1 (1×2×1 and 1×1×2 as well). In such a case,
it is expected that the original band is folded with re-
spect to the magnetic BZ. As shown in Fig. 4(e), since
the 2×1×1 magnetic BZ boundary (black solid line) is lo-
cated at the midpoint between the Γ¯ and M¯ points in the
surface BZ, it is expected that the Dirac cone originally
located at the M¯ point is folded onto the Γ¯ point, and vice
versa. Thus, one of double Dirac cones seen in Fig. 4(b)
may be attributed to the Dirac cone originally located at
the M¯ point in the paramagnetic phase. Such a Dirac
cone at M¯ was identified in previous VUV-ARPES stud-
ies on LaBi and CeBi [40, 42, 44, 46–48], although the
shape is more complex than that at the Γ¯ point probably
because two bulk X points are simultaneously projected
onto the surface M¯ point [40] (note that the M¯ point
is not accessible in our ARPES measurement due to the
insufficient k range of Xe-I photons). In this context,
the observed double Dirac-cone feature is not fully ex-
plained in terms of a simple overlap of the Dirac cones
at Γ¯ and M¯ in the paramagnetic phase, and one may
need to invoke a complex mechanism beyond the simple
band-folding picture (see Appendix B for more detailed
discussion of the band folding). Thus, the band-folding
picture is just a likely possibility and its verification re-
quires high-resolution domain-selective measurements.
Here we point out some other possibilities to explain
the emergence of a double Dirac-cone feature in the AF-
I phase. We think that this Dirac-cone-like feature is
hardly explained in terms of the folded bulk band. Be-
cause, the kz point in the present measurement (kz =
0.24pi) estimated from the inner-potential value (V0 =
13.5 eV) is far from the bulk X point (kz = 0 or pi).
Thus, in the present experimental setup, the electronlike
bulk band should be located far above EF after folding
and as a result unable to produce the observed Dirac-
cone feature near EF even after band-folding. Moreover,
the bulk band in the paramagnetic phase does not show
a Dirac-cone-like dispersion at the X point. This is ob-
viously incompatible with the bulk origin of the double
Dirac cone. One may also think that one of the Dirac-
cone bands in the AF-I phase could be a trivial SS which
is seen in the paramagnetic phase of LaSb [40]. However,
such trivial SS is not well visible in the present study
of LaSb [Fig. 2(a)], probably because of the difference in
the experimental conditions (such as photon energy, light
polarization, and sample geometry). Since we used the
same experimental conditions for LaSb and CeBi in our
ARPES study, the trivial SS would have shown up even
in the paramagnetic phase in CeBi if some of observed
bands in the AF phase are attributed to the trivial SS.
However, this is not the case in our experiment since we
resolve a single non-trivial SS (a Dirac cone) in the para-
magnetic phase of CeBi, as shown in Figs. 2(d) and 4(a).
It is noted that the observed double Dirac-cone feature
may originate from an overlap of SS in the type-F and
type-A domains which are energetically inequivalent to
each other. One cannot rule out this possibility because
the M¯ point is out of the measurable k range with a
Xe lamp. To resolve this issue, it is highly desirable to
perform a high-resolution domain-selective ARPES mea-
surements covering both the Γ¯ and M¯ points to experi-
mentally distinguish the SS originating from the type-A
and type-F domains.
One may point out that the gapless topological SS
should not appear in the AF phase since the topological
properties can be destroyed by the antiferromagnetism
via time-reversal-symmetry (TRS) breaking. However,
we think that the topological SS can be maintained even
in the AF phase when we take into account a combined
symmetry. It has been predicted that even antiferromag-
nets, where both TRS (Θ) and primitive lattice transla-
tional symmetry (T1/2) are broken, can still host a topo-
logical phase if the crystal preserves the combined sym-
metry S = ΘT1/2 [49]. This is likely the case for the
type-A domain in the AF-I phase because the AF vector
satisfies this translation condition. This may be the rea-
son why the Dirac-cone SS is still observed in the AF-I
phase. It is noted that, since the combined symmetry is
broken at the surface of the type-F domain, the Dirac-
cone SS is expected to exhibit a finite energy gap at the
Dirac point. However, this gap would be very small and
difficult to resolve with the present experimental resolu-
tion.
The appearance of a single Dirac cone in the AF-II
phase [Fig. 4(c)] as opposed to the double Dirac cone in
5the AF-I phase is puzzling. The AF domain in the AF-II
phase creates the 4×1×1 potential [see Fig. 3(c)] and
gives rise to three magnetic BZ boundaries between Γ¯
and M¯ , resulting in the emergence of several Dirac cones
between Γ¯ and M¯ . However, this is not experimentally
observed since such multiple Dirac cones at correspond-
ing k regions are not resolved in the present ARPES ex-
periment. We speculate that the surface electrons do not
strongly feel the periodic potential with such a long pe-
riodicity so that the influence of the band folding would
be weakened compared in the AF-I phase with a shorter
periodic potential. But we point out here that the above
interpretation based on the in-plane band-folding is one
of possibilities. Moreover, there exist some unresolved is-
sues as to (i) why the bulk bands do not show clear band
folding in the AF phase unlike the SS, and (ii) whether
the electronic states at M¯ in the AF phase can be ex-
plained by the band-folding picture. The verification re-
quires the domain-selective high-resolution measurement
by micro-beam-spot ARPES, combined with the sophis-
ticated first-principles band-structure calculations that
take into account the magnetic structure.
IV. SUMMARY
The present ARPES study of CeBi has revealed the ex-
istence of topological Dirac-cone SS at the Γ¯ point asso-
ciated with the band inversion at the X point of bulk BZ.
We uncovered an unexpected change in the energy dis-
persion of the Dirac-cone SS associated with the two-step
AF transition. Intriguingly, we found that a single Dirac-
cone band observed in the paramagnetic phase abruptly
becomes a double Dirac cone on entering the AF-I phase
below 25 K, whereas the doubling disappears in the AF-
II phase below 14 K. The present result strongly suggests
a crucial role of antiferromagnetism to the appearance of
the Dirac-cone SS, and opens a pathway toward under-
standing the interplay between magnetism and topology
in exotic topological materials.
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Appendix A: TEMPERATURE DEPENDENCE OF
BULK-BAND DISPERSION
We have examined the influence of p-f mixing on the
observed electronic structure, by inspecting the change
in the bulk valence-band dispersion with temperature.
As shown in Figs. 5(a) and 5(b), one can recognize in
the paramagnetic phase (T = 30 K) a couple of holelike
Bi-6p bands (inner and outer) which cross EF besides
the surface band. Interestingly, the magnitude of the
Fermi wave vectors (kF) of these bands increases in the
AF-II phase, as shown by white arrows. To investigate
the detailed temperature evolution of the kF position, we
show in Fig. 5(c) the second-derivative intensity of MDCs
at EF as a function of temperature. One can clearly
see a systematic increase in the absolute value of kF on
lowering temperature. A similar behavior in the valence
band has been observed in CeSb [9–12] and is interpreted
in terms of the energy shift of valence bands due to the p-f
mixing. Thus, our experimental results clearly show that
the p-f mixing affects the band structure also in CeBi.
FIG. 5. (a), (b) Plots of second-derivative intensity of MDCs
around the Γ¯ point for CeBi measured at T = 30 K (para-
magnetic phase) and 6 K (AF-II phase) [same as Figs. 4(a)
and 4(c)]. Green dashed curves are a guide for the eyes to
trace the holelike Bi 6p3/2 bulk bands. Arrows indicate the
position of the kF points for the bulk bands. (c) Temperature
dependence of the second-derivative intensity of MDCs at EF.
Appendix B: ANALYSIS OF EDCs and MDCs
We show in Figs. 6(a)-6(i) the EDCs, MDCs, and their
numerical analyses, at representative temperatures in the
paramagnetic phase (T = 30 K), the AF-I phase (T = 19
K), and the AF-II phase (T = 6 K). As shown in Figs.
6(a) and 6(b), one can see in the paramagnetic phase
(T = 30 K) a single X-shaped band in both EDCs and
MDCs. We traced the peak position of the EDCs and
MDCs by numerical fittings with Lorentzians around the
peak top, and found that the obtained band energies for
EDCs and MDCs reasonably coincide with each other at
T = 30 K near the Dirac point, as shown in Fig. 6(c).
In the AF-I phase [Fig. 6(f)], on the other hand, the
EDC- and MDC-peaks show a finite deviation around
the Γ¯ point, whereas they reasonably overlap with each
other away from the Γ¯ point. This suggests that the
6FIG. 6. (a), (b) Near-EF EDCs and MDCs of CeBi, respec-
tively, measured along the ΓM cut at T = 30 K (param-
agnetic phase). (c) Comparison of band energies estimated
from the peak position of the EDCs and MDCs in (a) and
(b). (d)-(f) Same as (a)-(c) but for the AF-I phase (T = 19
K). (g)-(i) Same as (a)-(c) but for the AF-II phase (T = 6 K).
(j) Schematic band-folding picture in the AF-I phase which
takes into account the folding of light and heavy Dirac cones
around the M¯ point. Note that the heavy Dirac-cone band is
not clearly seen in the present study.
lower Dirac-cone bands are substantially rounded around
the Dirac point. The rounded behavior of the Dirac-
cone dispersion may be explained in terms of a finite gap-
opening at the Dirac point and/or the inherent curvature
of the lower Dirac-cone band in the AF phase due to
the complicated hybridization between the original and
folded bands.
Here we elaborate on our observation of the double
Dirac-cone feature based on the band-folding picture. It
has been reported that the SS at the M¯ point in the sur-
face Brillouin zone (corresponding to the X point in bulk)
is characterized by light and heavy Dirac-cone bands [46,
48] with an energy gap at the Dirac point due to hy-
bridization, as schematically shown in Fig. 6(j). In our
experiment, we set the analyzer slit parallel to the ΓM
direction. In this geometry, when the bands at the M¯
point are folded onto the Γ¯ point due to antiferromag-
netism, we expect to observe a narrow energy dispersion
of the heavy Dirac-cone band besides the light one around
the Γ¯ point in Fig. 4(b). However, we have not resolved
such a heavy Dirac-cone band, presumably because of the
matrix-element effect of photoelectron intensity. As illus-
trated in Fig. 6(j), the band which is topped atEB ∼ 0.25
eV in the EDCs likely corresponds to the lower branch of
the gapped light Dirac cone since the energy position and
the rounded shape are similar to those observed in the
paramagnetic phase in CeBi (see ref. [46]). On the other
hand, the band topped at ∼0.06 eV in the EDC would
likely be the original Dirac cone at the Γ¯ point which
was pushed upward relative to the paramagnetic one due
to the hybridization with the folded band. The upper
branch of the light Dirac band was not clearly resolved
in the present study probably because it largely overlaps
with the lower branch of the original Dirac cone. How-
ever, this interpretation is just one of possible scenarios at
present and needs to be verified by the domain-selective
measurements.
As shown in the EDCs for the AF-II phase in Fig.
6(g), there exit two peaks at EB ∼ 0.2 and 0.1 eV at
the Γ¯ point. The 0.2-eV peak has a holelike dispersion
and disperses toward higher EB on moving away from
the Γ¯ point. This feature is also seen in the MDCs in
Figs. R2(h) and R2(i) as a holelike band which has a
top at EB ∼ 0.15 eV. We also found that the 0.1-eV
peak in the EDCs is nearly flat around the Γ¯ point and
appears to slightly disperse toward higher EB on moving
away from the Γ¯ point while rapidly reducing its intensity.
This holelike dispersion is hardly explained in terms of a
gapped upper Dirac-cone band because the upper Dirac
cone should have an electronlike dispersion. The reason
why the energy position of the Dirac-crossing point in the
MDCs and the peaks in the EDCs does not well coincide
with each other [see Fig. 6(i)] may be due to the deviation
of the Dirac-cone-like band from a linear dispersion, as
well as the unusually weak intensity of the 0.1-eV peak
away from the Γ¯ point (which makes it difficult to follow
its dispersion from the MDC plots). One may argue that
the existence of a couple of holelike bands in the AF-
II phase can be explained in terms of a double Dirac-
cone band similar to that in the AF-I phase but shifted
toward EF due to the p-f mixing. However, whereas the
bulk holelike band certainly shows a gradual shift of the
dispersion toward EF on lowering temperature due to
the p-f mixing [see Fig. 5(c)], the observed abrupt shift
of the band energy across TAFII cannot be well explained
in terms of the p-f mixing, since such an abrupt shift is
absent in the bulk bands.
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